Advances in Mechanisms of Activation
and Deactivation of Environmental

Chemicals

by Joyce A. Goldstein' and Michael B. Faletto™

Environmental chemicals are both activated and detoxified by phase 1 and phase 11 enzymes. The principal enzymes
involved in phase I reactions are the cytochrome P-450s, The phase IT enzymes include hydrolase and the conjugative en-
zymes such as glucuronyltransferases, glutathione transferases, N-acetyltransferase, and sulfotransferase. Although other
phase 1 and phase Il enzymes exist, the present review is limited to these enzymes. Once thought to be a single enzyme,
multiple cytochrome P-450 enzymes have been purified and characterized from many different species across the evolu-
tionary tree. The application of molecular biology techniques to this field has identified more than 150 cytochrome P-450
genes to date. At least 20-30 cytochrome P-450 enzymes appear to exist in each mammalian species, and many polymor-
phisms in these enzymes are being identified. The cytochrome P-450 enzymes can now be expressed in recombinant form
using cDNA expression systems. The phase [1 conjugative enzymes add a hydrophilic moiety such as sulfate, glucuronide,
or acetate to compounds, which increases their water solubility and facilitates their excretion. However, conjugates of a
number of compounds also result in more reactive electrophilic species, which appear to be the vltimate carcinogens. Many
of these phase I1 enzymes also represent families of enzymes, and polymorphisms can affect the ability of these enzymes
to metabolize chemicals. Whenever possible, we have reviewed knowledge of the human enzymes involved in particular

pathways.

Introduction

Organisms have always been exposed to environmental
chemicals, and they have developed a variety of enzymes to
transform these ‘““xenobiotics.” The majority of environmental
chemicals are highly lipophilic and cannot readily be excreted
from the body without metabolism to more hydrophilic, water-
soluble species. Metabolic pathways have therefore evolved to
convert these lipophilic compounds to water-soluble metabolites.
The initial reaction(s) (phase I metabolism} usually involves the
introduction of oxygen into a compound as the first step toward
detoxification and elimination (/). The principal enzymes
responsible for phase I reactions are the cytochrome P-450s,
although other enzyme systems such as the flavin-containing
monooxygenase, alcohol dehydrogenases, and prostaglandin
synthetase may also serve this function for certain substrates. The
hydrophilicity of the metabolite can then be further increased by
phase II reactions. During phase II metabolism, various
membrane-bound and cytosolic enzymes, including epoxide
hydrolases (2,3), glutathione S-transferases {(4), UDP-glu-
curonosyltransferases (5,6), acetyltransferases (7.8), and
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sulfotransferases (9), attach highly water-soluble moieties to
polar groups (often those introduced by phase I reactions). The
net result of the combined phase I and phase II reactions is
generally to detoxify and eliminate environmental xencobiotics
from the body. However, these same pathways can also carry out
the activation of most toxic and carcinogenic chemicals to elec-
trophilic forms which can react irreversibly with macromole-
cules such as proteins and nucleic acids. The importance of
metabolism in the activation of carcinogens was first recognized
by Miller and Miller {(i0,11) in their pioneering studies on the
metabolism of the aminoazo dyes and 2-acetylaminofluorene.
The majority of these electrophiles are formed by the cytochrome
P-450-dependent enzymes, although some phase I conjugations
produce the ultimate carcinogen for certain chemicals (/).
The microsomal cytochrome P-450 enzymes were first
reported by Klingenberg in 1958 (/2), who noted the character-
istic carbon monoxide difference spectrum of microsomes with
a maximum near 450 nm, which is now known to be due to the
axial thiolate ligation of heme with a conserved cysteine residue
in the P-450 apoprotein. Omura and Sato (13) provided evidence
that the pigment was a b-type cytochrome and proposed the name
“P-450"" to denote a pigment with absorption at 450 nm. They
also partially purified the pigment, determined it was a hemopro-
tein, and measured its extinction coefficient (J4,15). A
physiological function for this pigment was first reported by
Estabrook and co-workers (16,17), who found that it participated
in the C21 hydroxylation carried out by adrenal cortex micro-



somes and the hydroxylation and dealkylations of various drugs
by liver microsomes. Another important development was the
finding of Conney and Burns (/8,19) that administration of drugs
to animals could induce drug-oxidizing activities of mammalian
liver microsomes. This could be explained by increases in the
cytochrome P-450 content of liver microsomes of drug-treated
animals.

Cytochrome P-450 was originally thought to be one enzyme.
However, when phenobarbital and 3-methylcholanthrene
(3-MC) were administered to animals, they had different effects
on the oxidation of various drugs by liver microsomes. In 1967,
Conney (/9) proposed that inducible cytochrome P-450s could
be characterized as either phenobarbital- or 3-MC-like. Sladek
and Mannering (20 also reported evidence for the presence of
a different form of cytochrome P-450 in liver microsomes of
3-MC-treated rats than in control or phenobarbital-treated rats.
The 3-MC-inducible cytochrome had an absorption maximum
of 448 nm compared to 450 nm for the phenobarbital-inducible
form and could be distinguished by differences in the pH
dependency of its ethyl isocyanide spectrum. This cytochrome
was called cytochrome P;-450 or P-448. However, there was a
controversy for several years as to whether there was a single
form of cytochrome P-450 or multiple forms of this enzyme.

Initial attempts to purify catatytically active cytochrome P-450
were unsuccessful due to the instability of this enzyme in the
presence of the detergents used for solubilization. However, in
a milestone study, Lu and Coon (27) were able to solubilize and
fractionate cytochrome P-450, NADPH-dependent cytochrome
P-450 reductase, and a lipid fraction using DEAE-cellulose
chromatography in the presence of glycerol and subsequently
reconstitute catalytic activity. With the availability of techniques
for purification, it soon became apparent that multiple forms of
cytochrome P-450 existed in each species (22,23). The cyto-
chromes P-450 are now known to comprise a superfamily of pro-
teins, each with a characteristic spectrum of substrate
specificities (see below). Some of these forms are constitutive,

others are inducible by phenobarbital, 3-methylcholanthrene,
certain steroids, ethanol, or peroxisome proliferators such as
clofibrate (23,24). The cDNA and gene structure of many of
these P-450s have been elucidated (25). These proteins have
been grouped into families and subfamilies based on similarities
in protein structure. Individual cytochrome P-450 enzymes are
defined as belonging to the same family if they are more than
40% similar in amino acid sequence, and within a subfamily are
>59% identical. The cytochrome P-450s are named with the
root CYP followed by an arabic numeral for the family, a capital
letter for the subfamnily, and an arabic numeral for the particular
gene. More than 150 cytochrome P-450 genes have been char-
acterized to date, and 10 families exist in mammalian species.
Some of these families are responsible for the metabolism of en-
dogenous compounds, including the stereo-specific synthesis of
steroids from cholesterol and the subsequent metabolism of
steroids. Three families (CYPI, 2, and 3) represent the hepatic
mixed-function oxidases, which metabolize primarily xeno-
biotics and may have evolved in response to environmental
siresses such as plant toxins and environmental compounds
derived from combustion.

Phase | Reactions

As discussed above, the phase I monooxygenase system has
been resolved into three main components: cytochrome P-450,
NADPH-cytochrome P-450 reductase, and lipid. Cytochrome
P-430 acts as the terminal oxidase in this system and catalyzes the
insertion of one atom of molecular oxygen into a substrate
(monooxygenase) to convert the substrate to a more polar com-
pound, while converting the other atom of oxygen into water, us-
ing electrons donated by NADPH via NADPH cytochrome
P-450 reductase (Fig. 1). In the general reaction of cytochrome
P-450-mediated oxidation, the oxidized ferric form of the P-450
first interacts with a specific substrate. Subsequently, an electron
is transferred from NADPH via the reductase to produce the
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ferrous-P-4350-substrate complex, which then binds molecular
oxygen. After the oxidation of the ferrons cytochrome back to the
ferric form, the oxygen becomes “activated”” Another electron
is then transferred from NADPH via the reductase, and this
results in the stereo-specific oxidation of the substrate, formation
of water, and regeneration of the ferric form of cytochrome
P-430. The substrate-free oxidized cytochrome P-450 can then
reenter the catalytic cycle,

Aithough a wide variety of oxidative reactions are mediated by
the cytochrome P-450-dependent monooxygenase system, the
majority of these reactions can be visualized essentially as
hydroxylations. Some exampies of types of reactions catalyzed
by this system are shown in Figure 2 and are discussed below.

C-Hydroxylation. Aromatic groups can be hydroxylated or
epoxidized, sometimes resulting in the production of toxic
metaboiites [reviewed by Guengerich and Shimada (/) and
Nelson and Harvison (26)). Examples are metabolites of ben-
zene and polycyclic aromatic hydrocarbons. Aliphatic com-
pounds can also be hydroxylated. For example, n-hexane is
metabolized to the ultimate neurotoxin, 2,5-hexanedione by this
process. The C-hydroxylation of N-nitrosodiaikylamines pro-
duces unstable intermediates that rearrange to release reactive
carbonium ions, which are the ultimate carcinogens. The car-
bonium ions can methylate at oxygen or nitrogen atoms in the
purines and pyrimidines of DNA.

N-Hydroxylation. The N-hydroxylation of arylamines and
acetylamines (such as benzidine, 4-aminobiphenyl, 2-acetyl-
aminofluorene [2-AAF), and heterocyclic arylamines formed by
food pyrolysis) is a critical initial step in the production of the
ultimate carcinogens. The N-hydroxylamines are considered pro-
ximate carcinogens because they are generally more mutagenic
and carcinogenic than the parent compounds (27). Further con-
Jjugative processes described later in this review lead to the pro-
ductian of more electrophilic species, which are the ultimate
carcinogens.

S-Oxidation. As an example of S-oxidation of thionosulfur
compounds, the insecticide phorate is oxidized to the S-sulfoxide,
which can be further metabolized to the sulfone and the phorate
oxon sulfone (28). Many of these sulfoxide metabolites are
cytotoxic (26),

Dealkylation. Dealkylations at nitrogen, oxygen, or sulfur are
also catalyzed by the cytochrome P-450 enzymes. Examples of
these reactions include the O-dealkylation of various drugs such
as phenacetin 1o acetaminophen (reaction shown in Fig. 2), the
N-demethylation of aminopyrine, and the S-dealkylation of
6-methylthiopurine to 6-mercapiopurine. Amines can also be ox-
idatively deaminated by a similar process (not shown), which is
primarily a detoxification process.

Epoxidution at Olefinic Cenfers. Olefinic compounds such as
styrene, haloalkenes such as vinylidene chioride and trichlo-
roethylene, and dihydrofurans such as aflatoxin are activated at
the carbon—carbon r-bond by epoxidation (26). Many of these
epoxides can react with cellular macromolecules and are geno-
toxic. These reactions can also result in the alkylation and
suicide-based inactivation of the heme group of cytochrome
P-450.

Oxidative and Reductive Dehalogenation. A variety of
halogenated alkanes, alkenes, and alkynes are oxidized at the
carbon-hydrogen bond to produce unstable intermediates that
dehalogenate to form aldehydes or ketones (26). Examples are
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the oxidation of ethylene dibromide to 2-bromacetaldehyde and
the oxidation of chlorofosm 1o phosgene. The metabolites of the
mono- and dihalomethanes are only weakly cytotoxic. However,
trihialomethane metabolites such as phosgene produce hepatotox-
icity and renal toxicity. The tetrahalogenated methanes produce
toxicity by a different mechanism. These compounds undergo
reductive dehalogenation to produce a free radical. Carbon
tetrachloride produces both hepatic and renal damage via this
mechanism.

Human Cytochrome P-450 Enzymes In-
volved in the Activation of Chemicals

Many of the human P-450 enzymes were first isolated in the
laboratory of Guengerich and co-workers (/). The advent of
cloning has allowed comparison of the deduced amino acid struc-
tures of the various enzymes (25). Itis possible to estimate the
point in the evolutionary scale that proteins diverged based on
their percent homology. Some cytochrome P-450 enzymes are
very old and apparently evolved before the divergence of humans
and rodents. In this respect, analogs for cytochromes P-450 1Al
and P-450 1A2 have been found in all mammalian species
studied. These cytochromes are inducible by chemicals such as
3-MC and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) via a
receptor-mediated mechanism [the Ah receptor; reviewed in
Gonzalez (24)]. P-450 1Al appears 10 be important in the
metabolic activation of polycyclic aromatic amines in all species
examined (7). P-450 1Al is not found or is only present in small
concentrations in human liver (22,33, but it is inducible by
poiycyclic hydrocarbons in extrahepatic tissues suchaas tung (37).
In contrast, P-450 1A2 is present in human liver but not ex-
trahepatic tissues and appears to be more active in the N-
hydroxylation of arylamines in both humans and rodents (29,32).

Many other forms of human cytochrome P-450 involved inthe
oxidation of xenobiotics do not appear to have exact counterparts
in laboratory animals (the CYP2A, 2B, 2C, 2D, 3A, and 4A sub-
families). Therefore, the different species may have diverged
before the evolution of the subfamilies from ancestral forms. The
various cytochrome P-450 genes are assigned to subfamilies bas-
ed on their amino acid sequence homologies; however, the
catalytic specificity determined for apparent P-450 homologs
across species are not always identical. In addition, recent studies
by Negishi and co-workers (33) have shown that a single amino
acid substitution converts the substrate specificity of P-450 coh
to P-350 15a (from coumarin to steroid 15q-hydroxylase). These
studies clearly indicate that it is impossible to predict substrate
specificity across species,

More than 20 cytochrome P-450s have been identified in
humans. Many members of the CYP2C and CYP2D families ap-
pear to be involved in the metabolism of clinically important
drugs (24). These P-450s also exhibit a large degree of polymor-
phism in expression, which may be important for interindividual
differences in susceptibility to exposure to environmental tox-
icants or therapeutic agents metabolized by these P-450s. For ex-
ample, P-450 2D6 metabolizes the antihypertensive drug de-
brisoquine. A polymorphism in the expression of this gene has
been described (34). There are muitiple mechanisms for this
polymorphism, but a predominant mechanism is an abberant
splice recognition site (35). A correlation between susceptibility

to lung cancer and the poor debrisoguine metabolizer phenotype
has been suggested (36). However, this association has been
questioned in other studies (37), and there is no known example
of 2 carcinogen metabolized appreciably by P-4502D6 (/). Itis
not yet clear whether the CYP2C or CYP2D subfamilies are im-
portant in the activation of chemical carcinogens in humans (£ ).

P-450 2El 15 an ethanol-inducible form that catalyzes the ox-
idation of ethanol to acetaldehyde. It also appears to be impor-
tant in the activation of methyl substituted N-nitrosamines in
rodents and humans (I'). However, it does not appear to con-
tribute to the oxidation of tobacco-specific nitrosamines or a
number of pther nitrosamines. Recently Guengerich et al. (38)
have provided evidence that human P-430 2E! is important in the
metabolism of low molecular weight suspect carcinogens such
as vinyl chloride, vinyl bromide, benzene, styrene, carbon
tetrachioride, ethylene dibromide, trichloroethylene, ethylene
dichloride, methylene dichloride, 1,2-dichloropropane and
L1, }-trichloropropane.

In humans, the P-450 3A subfamily contains three members.
The predominant form, P-450 3A4, appears to play a major role
in the oxidation of many steroids including testosterone, an-
drostenedione, progesterone, and cortisol (/). These are
substrates which are metabolized by other subfamilies (P-450 2B,
P-450 2C) in rodents (23). Human P-450 3A4 aiso appears to
play a major role in the activation of aflatoxin B), the fire retar-
dant tris(2.3-dibromopropyl}phosphate, 6-aminochrysene, and
a number of polycyclic hydrocarbon dihydrodiols that can be con-
verted to bay-region diol epoxides (/). This enzyme can also
deactivate certain substrates, including aliemate oxidative detox-
ification pathways for aflatoxin B,.

Phase I Reactions
Epoxide Hydrolases

Epoxides are reactive metabolites that are generated principal-
ly by the cytochrome P-450 dependent pathways. The epoxide
hydrolases are considered to be protective enzymes that hydrate
the epoxides to form rrans-1,2-dihydrodiols. These less reactive
dihydrodiols can then be conjugated with giucuronic acid,
sulfate, or glutathione and excreted. The metabolism of benzene
via these pathways is shown in Figure 3. However, the activity of
epoxide hydrolase can also result in the production of more reac-
tive species, as in the hydrolysis of benzoja]pyrene-7,8-oxide to
its dihydrodiol, which is then metabolized by P-450 to the
ultimale carcinogen, benzola]pyrene-78-dihydrodiol -9,10-epox-
ide {39). There are multiple forms of epoxide hydrolase (3. The
two forms that metabolize xenobiotics are microsomal epoxide
hydrolase (mEH) and cytosolic epoxide hydrolase (cEH). The
mEH metabolizes a wide variety of substrates, including both K-
region and non-K region arene oxides of polycyclic hydrocar-
bons, butadiene, viny} chloride, epoxides derived from her-
bicides and insecticides, and epoxides derived from therapeutic
drugs such as phenytoin. Bay region diol-epoxides of polycyclic
hydrocarbons, on the other hand, are poor substrates. Micro-
somal epoxide hydrolase also has a small role in the detoxifica-
tion of aflatoxin B, 8,9-oxide, the major species responsible for
the genotoxicity of aftatoxin B,. These compounds are detoxified
primarily by glutathione conjugation. Cytosolic epoxide hy-
drolase is found primarily in the cytosol and peroxisomes. It



P450 O’
———

phenol

J

benzene

P450

H
o HO H H
H _ Epoxide OH
hydrolase

enoxide dihydrodiol

glutathione
translerase

COOH

C=C— GH,CH,CHi

b
H S——CH,—CH
RGO

H
NH—EmCOOH

glutathione conjugale

&
)
OH o%4et®
&,
7
3, O'ra
S@r Nt
6‘93

&

giucuronide
H
UDPGA HO, H
glucuronyl
translerase 0 — (Glucuronides,
PAPS Sulfates)

sulfotransferase

FiGURE 3.  Summary of some of the phase II routes of metabolism of benzene including epoxide hydrolase, sulfotransferase, glucuronidation, and glutathione
transferase. UDPGA (uridine diphosphoglucuronic acid) is the cofactor for glucuronosyltransferase. PAPS is the cofactor (adenosine 3*-phosphate 5 -phosphosulfate)

for sulfotransferase.

specifically catalyzes the hydrolysis of mone- and disubstituted
oxiranes, but does not metabolize arene oxides appreciably.
Substrates include trans-substituted styrene oxides, stilbene ox-
ides, and lipid epoxides (e.g., epoxide derivatives of arachidonic
acid).

Epoxide hydrolase has been found in all organisms examined
to date, including fungi. However, mEH and cEH can be clas-
sified only in higher organisms. The enzymes have been purified
from a number of species including humans. Although the
highest activity of both mEH and cEH is found in the liver, the
organ distribution of mEH is quite broad. Oesch and co-workers
(40) found considerable interindividual variability in the ac-
tivities of these two enzymes in human liver (from 63-fold for
mEH to 539-fold for cEH). cDNAs for rat and human mEH have

been isolated, and hybridization studies indicate that there is only
one gene copy of mEH in the human and the rat (2). Hepatic
mEH is inducible in rats by both phenobarbital and 3-MC type
inducers, while cEH is inducible by peroxisome proliferators (3).

Glutathione S-Transferases

There are multiple forms of the soluble glutathione S-trans-
ferases, which can be divided into four gene families based on
their electrophoretic mobilities (4,4f). The a-e group consists of
basic proteins, p is a neutral class, and the 7 enzyme is acidic.
The microsomal membrane-bound glutathione S-transferase
represents an unrelated enzyme. Glutathione S-transferases are
found in almost all tissues examined. These enzymes transfer
glutathione (the tripeptide y-glutamyl cysteiny] glycine) to com-
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pounds that are electrophilic per se as well as those generated by
phase I reactions. Thus, glutathione transferases can play a pro-
tective role by covalently binding and removing reactive elec-
trophiles. Exampies are the detoxification of benzene epoxide
(Fig. 3). aflatoxin B,-8,9-oxide, and benzola]pyrene-7,8-di-
hydrodiol-9,10-oxide. However, some procarcinogens are ac-
tivated by conjugation with glutathione to produce unstable reac-
tive metabolites (47). Examples of such genotoxic metabolites are
the glutathione conjugates of ethylene dibromide and methylene
chloride (Fig. 4). The p form is found in the livers of only 60 %
of the human population {(4). This form is efficient in conjugating
epoxides of benzo[alpyrene 4,5- oxide. It has been suggested that
a hereditary polymorphism of the u form may be related o
susceptibility to lung cancer among cigaretie smokers (42).

UDP-Glucuronosyltransferases

Uridine diphosphate glucuronsyltransferases represent a ma-
jor phase II family of endoplasmic reticulum-bound enzymes
that utilize the cofactor uridine diphosphoglucuronic acid
{(UDPGA) to conjugate glucuronic acid to a large number of
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potentiaily reactive compounds including phenols, dihydrodiols,
quinones, and quinols (5,6). The addition of glucurenic acid
renders these compounds more water soluble and enables the
body to excrete them more readily. Examples of substrates that
are conjugated with glucuronic acid by this system include the
phenols, dihydrodiols, quinones, and quinols of numerous com-
pounds such as benzene (Fig. 3), benzo|a]pyrene, and the
chlorinated benzenes. Conjugates can include ether O-glu-
curonides, ester O-glucuronides (glucuronic acid groups), N-
glucuronides, S-glucuronides, and C-glucuronides. Although
glucuronidation is a major route of detoxification for many com-
pounds, glucuronidation is involved in the etiology of human col-
orectal cancer from heterocyclic amines. These compounds are
first N-oxidated and then N-giucuronidated. The N-hydroxy
metabolites can be transported to the colon where they are
hydrolyzed by 3-glucuronidases. The N-hydroxy derivatives can
then be O-acetylated in the colon mucosa, which results in for-
mation of N-acetoxyarylamines which can react with DNA to
form covalent adducts (43).

Acetylation

Acetylation involves the enzymatic or nonenzymatic transfer
of the acetyl group from acetyl coenzyme A to molecules con-
taining a primary amine, hydroxyl, or sulfhydryl group (7).
These enzymes are distributed in many organs, but the liver is a
major site of N-acetylation. Acetylation of the primary amine
group of arylamines and hydrazines is a major route of
biotransformation of these compounds. Arylamides and primary
arylamines are interconverted by N-acetyltransferases and
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deacetylases (27). They are initially activated by the cytochrome
P-450s and flavin monooxygenase enzymes to form N-hydro-
xyarylamides and N-hydroxyarylamines that can be inter-
converted by enzymatic NV-deacetylation/N-acetyiation (Fig. 5).
These compounds are considered proximate carcinogens
because they are more mutagenic and carcinogenic than the
parent compounds. N-Hydroxyarylamides are converted to the
ultimate carcinogens through conjugation with sulfuric, acetic,
or glucuronic acids. N-acetoxyarylamines (metaboiite II in Fig.
5} are highly reactive and appear to have an important role as
ultimate carcinogens. Therefore, O-acetylation appears to play
an important role in the activation of aromatic amines and food
pyrolysates classified as human carcinogens, including 2-
aminefluorene, benzidine, 4-aminobiphenyl, and §-naphth-
ylamtine.

There is a polymorphism in acetylation in humans, with the
population being divided into siow and rapid acetylators. Meyer
and co-workers (44) have cioned the genes NAT! and NAT2, that
encode two proteins with N-acetyltransferase activity when ex-
pressed in cultured mammalian cells. The NA72 gene is the gene
which shows the polymorphism. There appear to be three ma-
jor mutant alleles in Caucasian populations, which consist of
single amino acid mutations.

Acetylation may affect the carcinogenicity of aromatic amines
in two ways, Inbladder cancer, acetylation appears to be a detox-
ification mechanism for aromatic amines such as 2-naph-
thylamine and benzidine. Epidemiological studies in various
populations including workers in the dye industry have found that
bladder cancer is more common in the slow acetylator phenotype
than the rapid acetylator phenotype (45,46). On the other hand,
epidemiological studies indicate that slow acetylators have a
decreased risk for colorectal cancer (47), presumably because
the glucuronides of aromatic amines are hydrolyzed in the col-
on, and then acetylated to reactive N-acetoxyarylamines in col-
on mucosa as discussed earlier. Studies of the aromatic amine
2-aminofluorene indicate that acetylation and sulfation yield
more reactive electrophiles which react with nucleic acids to pro-
duce adducts (8).

Suifation

Sulfate conjugation improves water solubility and excretion.
The sulfotransferases are a family of enzymes that transfer the
sulfuryl group (8Q5) from adenosine 3 ’-phosphate 5'-phos-
phosulfate (PAPS) 10 hydroxy! or amino groups (Figs. 3 and 5)
(9.27). Sulfotransferases are widespread in tissues, with high ac-
tivities found in platelets, erythrocytes, the jejunum, brain, liver,
and placenta. They are found in both the cytosol and endoplasmic
reticufum. Conjugation with suifate is generaily considered a
detoxification mechanism. However, the addition of sulfate also
introduces a good leaving group on unstable compounds such as
hydroxylamines (Fig. 5). The N-sulfonyloxy derivatives are con-
sidered to be among the predominant metabolites of
2-acetylaminofluorene responsible for the formation of DNA ad-
ducts and its carcinogenicity.

Future Studies

Originally, only a single form of cytochrome P-450 was
thought to exist. However, it has become apparent that the

cytochrome P-450 enzymes represent a vast superfamily of en-
zymes. In recent years, a number of approaches to studying the
role of these enzymes in the metabolism of various substrates
have been particularly useful. Techniques for purification of the
P-450 enzymes and reconstitution of the complete enzyme
systems have been developed. Antibodies have been utilized 10
quantitate isozymes and to inhibit specific catalytic pathways.
Antibody inhibition studies using microsomes from particular
human tissues are particularly useful for assessing the contribu-
tion of a P-450 form to a particular pathway.

Molecular biology techniques have clarified some of the con-
fusion concerning the multiplicity of the ¢ytochrome P-450 fami-
ly, and the use of cDNA expression systems allows investigators
10 examine the catalytic activity of specific isozymes. Minor
changes in amino acid sequence can produce dramatic effects on
the catalytic activities or even the substrate specificities of in-
dividual P-450 enzymes. Therefore, the substrate specificity of
human enzymes cannot be simply inferred from animal studies
or studies with rodent P-450s. cDNA expression studies are par-
ticularly useful in determining the intrinsic ability of particular
cytochrome P-450 enzymes to activate mutagens, and the
availability of cDNAs for multiple human forms provides a
means for studying the ability of a particular human P-430 (or
conjugative enzyme) to activate specific chemicals. Site-directed
mutagenesis studies allow scientists to probe the active sites and
determine which portions of the enzyme are important in
substrate binding and catalytic activity. However, activity in a
recombinant cell line may not duplicate the enzymatic activity
in human liver; therefore, studies with human liver microsomes
and antibodies to human cytochromes remain necessary.
Bacterial ¢cDNA expression systems will also be useful in the
future for purifying large amounts of recombinant hurnan pro-
teins that were previously difficult 1o isolate.

Many of the cytochrome P-450 enzymes are polymorphic and
the relationship between polymorphisms and cancer is an area
of active research between molecular biologists and epi-
demiologists. The molecular biology of some of the conjugative
enzymes has not been studied as extensively as that of the P-450
enzymes, but recent studies have begun to address these families.
There is clear evidence for polymorphisms in one of the enzymes
involved in acetylation in humans. Information regarding the
ability of specific metabolites o form DINA adducts and the rela-
tionship of these adducts to cancer is vital to understanding the
role of metabolism in the etiology of environmentally induced
cancer.
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